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Heat exchange r 

The indention relates to a feat exchangp for t^anafe^^i^g h<&at 
from a first fltiM to a second fluid, comprising one or mora 
5 flow passages for a first f luMr which are arranged parallel to 
and at a distance from one another and the oute^ wall of which 
is in heat-transmrring contact with a flow body foj: a second 
fluid, whieh is. w&d& from metal foam. 

■ - 

10 "BPrAHJ 74 4 586 has disclosed a heat-transf er element , for 
example a -plate or tube, with a large heat-transferring surface 
in the form of copper foam, for use in a heat exchanger, in 
order to improve the heat transfer. M element of this type is 
produced by using a vapour deposition process to deposit m 

IS powder of copper oxide on a plastic foam which has previously 
been provided wifchi a suitable adhesive* The foam which has been 
prepared ih this way is then arranged under slight pressure on a 
plate or tube, which has likewise previously been Goyered with a 
copper oxide powder , In order in this way to form, a composite 

20 element by sintering. Mm? pyro lysis of the plastic foam, the 
copper oxide is reduced to form copper. 

A heat exchanger of the type described abo^a is used, for 
exa*tiple, in Miat are inown as thermo-aGouaf ic heat engines. In a 

25 heat exchanger of this type, a first heat circuit is forxned by a 
flow of a first fluids such as a gas or liquidy through 
generally a plurality of flow pas sages * A second heat circuit 
comprises a flow of a second fluid, generally a gas [air, 
argon) , through the porous Mow body, which flow body surrounds 

30 the flow passages over a certain area, The direction of flow of 
the secohd fluid through the flow body is generally virtually 
perpendicular to the direction of flow of the first fluid in the 
flpw passages* Tim porous flow body is in heat-exchanging 
contact with the outer wall of the flow passages* Heat is 

35 transferred, for example, from the first fluid to the inner wall 
of the flow passages and is carried to the outer wail as a 
result of conduction in the wall material. At the outer wail, 
heat transfer to the porous flow body takes place through 
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radiatioh and conduction. Beat conduction takes place in the 
porous flow body * When there is only a flow body made from metal 
foam, this lie at conduction is limited, and Gonsequeritly solid 
lamellae made from a material with good conductivity are 
5 sometimes provided in the metal foam in order to increase the 
heat GondHation. Transfer of fee at from the flow body to the 
second fluid likewise ta&es place by means of radiation and 
conduction* The efficiency of the heat transfer overall is 
dependent, inter alia, on all these transitions, the transfer 
10 from the flow body to the second fluid or vice versa - generally 
the heat transfer on the gas side ~ in particular possibly 
representing an inhibiting factor* 

St. has now been found that, although the use of a metal foam, 
15 optionally in combination with lamellae or fins, offers an 
enlarged haat-exchanglng surface area and possibly increased 
conduction, the flow resistance is relatively high, so that the 
overall performance, expressed as the ratio between heat 
transfer and flow resistance, is inferior to that of a 
20 conventional heat exehanger with only fi^s or lamellae, In many 
cases, an increase in the heat transfer when using a metal foam 
goes hand-in-hand with a disproportionate increase in the flow 
res i s t ance « 



25 



metal matrix 



osed a heat ax 



r in which a porous 



is arranged in a flow passage through which a heat- 



txanaferrmg medium flows* 

in -an 
so 

in 



IS S 



of £ low, 
ant. is increas 



the 



envrruim 
minimise 



rs much nr gher than at 



35 of 



which would be produced with 
er is increased: at the 
aims 



area which is perpendicular to the 



r 



end of the passage* 
ion in volume of the heat-transfer medi 



a passage of constant diameter the 
location of the said area. A design 
internal heat transfer .„ 



Furthermore, DE HI 39 06 44 6 has disclosed a heat exchanger in 
which a foam, for example of aluminium, is arranged in a flow 
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passage . If desired, the pore size in this 



inay toe varied 



the number of pores may vary 



. ect of 
5 performance, ± , e . the 



improve the overall 



and flow resistance, of a heat exchanger 



IS 



4 O 



exchanger of the type descried afeover according to 



on 



tal foam has a gradient of the vol 



10 den"* 



six: 



the vol 



other words the amo"iint of m^tal, to 
flux density and flow res is 



ume 



use of a tnetal foam with a gradient of 
density enables the vo 



Inme density of the foam, in 



tea to the local h^at 
title the number of pores 
ajsi, the heat flux density 
vicinity of the flow 
Hiatal foam should contain itipra metal at 



(ppi) remains the same. I& the metal foi 



is 



sage s -y so 
s location 



the 
at 



r peri 



where the heat flmc 



density is much lower • ihis is possible as a r^salt of the 

ma tal of the metal foam used being carried* 
arrangement of the metal foam in 

ect of promoting the heat 
transfer from the metal foam to the wall of the mem passage, A 
gradient of the metal in the metal foam while the 



remain^ identical is More effective than 
pores while the thickness of the metal ttfebs 



varying the number of 
which separate the 



pores remains 



same. 



wx 



can be obtained, for example, 
30 electroplatiiig of a plastic 
will foe expi 



s 



in an electrolysis bath, as 



It should he not 



^A~2 766 96? has disclosed 



-.sink: 



inter alia for electronic ccmponants, which compri 



35 metal foam with a gradient of the 

metal in the thickness direction of the foam. 



ss of 



a heat 
sea a 
sited 



since in a production method of this type the density in the 
foam changes in one direction, the flM body preferably 
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coinprises at least two layers of metal foam/ of which layer 
surfaces which haw the same -volume density face towards one 
another > This allows various advantageous embodiment s of the 
flow body to be achieved* 

5 

In a first preferred embodirnent r the volume density of the metal 
foam ihcr eas es from an iaf low side of the flow body for the 
second fluid towards a ; flow passage, so that more metal is 
present where the* heat flux density is greater. 

10 

The shape of the flow passages is not critical/ round tabes, 
flat hollow plates and the like can toe used. However ,, to limit 
the flow resistance, the shape of a flow passage is preferably 
adapted to the flow profile of the second fluid, A flow passage 
15 advantage pus ly has an elliptioai cross section, the main axis of 
which extends in the direct ion of flow of the second fluid, A 
flow passage of such a shape combines a large heat-axGhai^giiig 
surface area with a relatively low flow reslstariQe, 

20 The flow body then advantageously coitiprises two layers of metal 
foam, prefer ably having the sarae number of pores per linear inch 
(FPI) , of which the aides with the highest metal volume density 
face towards one another. In those sides F recesses for the flow 
passages are provided* 

^qeording to another preferred embodiment, which is advantageous 
in particular oh account of the simple modular structure, the 
flow passages comprise tubular bodies which are rectangular in 
cross section and are separated by sections of the flow body, 

30 the volume density of the sections of the flow body being 
highest in the vicinit^ of the outer walls of the flow passages, 
A module of this preferred embodiment of a heat exchanger may 
coi^rise, for example:, a flow passage of this type which is 
rectangular in cross section and of which two opposite walls are 

35 provided with a layer of metal foam, of which tha laye£ surface 
with the highest volume density adjoins the Walls in question. 



If a heat exchanger whidh more closely resembles a heat 
exchanger with a flow body coiuprisihg metal foam parts separated 
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foy lamellae is desired/ it is possible to use a plurality of 
layers of metal foam, of which the gradients of the volume 
density run par a 1 lei to the direction of flow of the first 
fluid, preferably alternately* In terms of overall performance^ 
5 this embodiment is leas preferred than the other variants 
described above * 

If a metal foam is sel acted as mater ial for the porous flow 
body, the heat transfer between metal foam* on the one hand, and 
10 the second fluid, on the other hand/ is high and no longer the 
limiting factory On account of the very large heat— exchanging 
surface area for a given volume . 

The heat conduction in the flow foody made from metal foam, 
IS however, is low, on aooQiint of the porosity thereof/ which 

porosity also has an adverse effect on the heat transfer between 
• the flow body and the outer wall of the flow passages* A gradual 

increase in the quantity of metal in the foam leads to an 

improvement in the overall effect °£ these two contradictory 
20 factors . 

It is preferable to use a metal foam made from a metal with a 
high heat conduction coefficient,, such as copper. The? flow 
bodies are advantageously also made from a m&tal with high heat 

25 conduction and heat transfer, such as copper* Oth&r suitable 
metals include > inter alia, indium, silver, nickel and stainless 
steel * *3?he starting material used for the production of the 
metal foam is advantageously a plastic foam, such as 
polyurethane, polyester or polyether with an open network of 

30 interconnected pores and a constant PBI value, The diameter of 
the pores is preferably in the range from 400~1SQG micrometers, 
more preferably 8 00-1200 micrometers > The volume gradient niay 
rise from less than 5% to more than 95% in the direction of flow 
of the fluid flowing through the ' foam, 'The thictaiess of the 

35 metal deposited on the plastic foam advantageously has a 
gradient which ranges from 5-10 micrometers, preferably at the 
inflow side of the flow body, to 30-70 micrometers, preferably 
in the vicinity of the flow passages, for example 8 micrdmeters 
and 42 micrometers, respectively. Metal foams of this type are 
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:e by means of electrof arming of, for example, 
a substrate of polpier foam in a suitable electrolysis 



ired, a thin 
5 may first be deposited 
exaiEiple (magnetr on) 
is aiiowted to grow 



sis of the poj.^aer. If 
layer, for example a copper layer* 
foam using 



, CTD and the iljce, after which this film 
ixy the electrolysis bath , 



xqus welding techniques {induction, diffusion) and soldering 
10 techniques can be used to 



me 



to the flow 



passages* Tia^oontaiiiing soldering alloys are eminently suitable 
r copper 



ixng to tine mvenrron is pre 
15 modular strdGture p so that a plurality of modules can foe 

a 



25 



es 



The invention also relates to a heat pump, for example a fchermo- 
acoustic confers ion device for converting energy as 
claim 11, in which heat exchangers 

are used* The motor for aoiRpresalng and displacing 
fluid is, for axaifcple f a closed acoustio resonance circuit* 
regenerator used preferably has a layered structure 

ers <>f a 

thermo-acoustiG confers ion device of this type include a 
to heat engine and a thermo^aGoustic motor . 



a 



a 



invention will be explained below With reference to the 



■■■ xn 



Figure 1 shows a perspective vievr of an 
exchanger according to the prior 



of a 



Figure 2 shows a perspective view of a first 
35 heat exchanger according to the invention 



+ 



of a 



Figure 3 shows a perspective view of a second embodimant of a 
heat exchanger aeeording to the invention; 
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Figure 4 shows a perspective tfiew of a module of the heat 
exchanger according to claim 3; 

Figure 5 shows a perspeotiw view of a third eEifoodiment of a 
S heat exchanger according to the : imv;ention^ and 

Figure 6 diagraiaiaatiGaily depicts a thej^nd-acoustic conversion 
device for energy conversion, in which heat exchangers according 
to the invention are used, 

10 

in the embodiment of a heat exchanger 10 according to the prior 
art which is i 1 lust rated in Figure 1, a nuxaber of tubular flow 
passages 12, for example made frorii copper^ are ^rraiiigad psratfel 
to- one another. The direction of flow of a first fluid through 

15 the flow passages 12 is indicated by a single arrow, in the 
sitxiation illustrated from the top downwards. The inlet ends 14 
of the flow passages 12 are usually connected to one another 
with the aid of a distributor cap (not shown) , *Phe outlet ends 
16 are connected to one another in a similar way , ft porous flow 

20 body for a second fluid is denoted overall by reference numeral 
20 and comprises a munber of metal strips 22 wlixcii are artaiiged 
at a dista?ioe from and parallel to ona another and each have a 
layer 24 of metal foam between them. Holes for the flow passages 
12 are provided at th6 appropriate locatiosB in the metal strips 

25 22 and layers 24- The metal strips 22 are soldered to the outer 
Walls 28 of the :fiow passages 12, The flow body 20 is arranged 
in a chamber or housing (not shown) > which are provided with a 
feed and a discharge and, if desired^ distributor ixifeans for the 
second f luid- The sides of the housing of the heat exchanger 10 

30 may be provided with coupling means, so that a plurality of heat 
exchangers can be coupled to one another as required, 

Figure 2 shows a preferred eitsbpdiment of a heat exchanger 
according to- the imrentioh, in which identical coKiponents to 
35 those shown in Figure 1 are denoted by the same nuinbers and 
references . 



She heat exchanger 10 coinprises a nuinber of parallel flow 
passages 12 which are arranged at a distance from one another 
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and have an elliptical ■ax.o.gB:- section, through which a first; 
fluids for example a liguid, is glided. The flow body 20 
comprises two metal foam parts 36 and 32 r each with a gradient 
of the volume density parallel to the direction of flow of the 
5 second fluids for example a gas. To simplify the figure* the 
surface with the highest volume density is indicated by a thick 
solid line in this figure and tha following figures. In part 30, 
the volume density Camount of metal) increases in the direction 
of tlow of the second fluid/ while in part 32 the volume density 
10 decreases in the direct ion of flow indicated, Gonsequen tiy, most 
metal is present in the immediate vicinity of the flow passages 
12, where the highest heat flusc density also prevails, Uhe outer 
surface of the flow body 20 f in particular the inflow side {and 
discharge side) , is relatively open* 

15 

Figure 3 shows another embodimemt,. in which flow passages 1,2 
which are rectangular in cross section are arranged between 
sections 40 of the flow body 20, Sach section 40 is composed of 
two metal foam layers 42 r whose surfaces witti the Mgliest wluMa 

20 density adjoin the outer walls 44 of two flow passages 12 
arranged next to one another, while the surfaces having the 
lowest volume density bear against one another. In this figure, 
the separating surface between the two foam layers 42 of a 
section 40 are indicated by a dot-dashed line. Figure 4 shows a 

25 module of the embodijaent of a heat exchanger according to the 
invention illustrated in Figure 3, 

Figure 5 shows yet another variant of a heat exchanger according 
to the in^entioh/ in which six alternately stacked metal foam 
30 layers 50 are provided as flow body 20, the gradient of which 
alternately increases and decreases repeatedly as seen in the 
direction of flow of the first fluid which is guided through the 
flow passages 12* 

35 Figure 6 shows an outline sketch of a Mat pump according to the 
.invention r In thxs case an embodiment of a thermos-acoustic 
conversion device 60 for energy conversion,, in which heat 
exchangers according to the invention can advantageously be 
used . 
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defies 60 comprises a gas-filled acoustic or aGOusto- 
A,t?i?uii«uy^ circuit: 62 with a regenerator 64 r 
example made from nickel foam, arranged between two 
exchangers 10 according to the indention. If the device SO is 
need as a heat pnmp r mechanical energy is supplied to the gas, 
for example xria a diapixiragm whidh is made to oscillate with the 
aid of a linear electric motor. Other posaiMlities inolude f for 
example, a feellows or a free pisten straat-urel The gas which haa 
been made to oscillate and functions as a second fluid extracts 
heat from a first fluid in the first heat exchanger 10 and pni&ps 
extracted heat via the regenerator to the second heat 
" MW ^e& 10> where the heat is transferred to a third fluid, in 
r it is possible to transfer heat from a flow of fluid 
% low temperature to a fluid which is at a high 

c pressure variation and gas 

takes place in the closed 
ircuit 62 under the influence of a powerful acoustic 
^ ve * At this poi&t, it should foe noted that the pressure 
i tilde is many times greater than is customary in a free 
* namely of the order of magnitude of 10% of the mean 



temperature > with the 
If more heat is s 
oscillation, it is 



oon^ersron deirxce is used as a motor, 
a heat exchanger at high teraperafcure and %p 

at low temperature* for 



is 



is 



r 



some 



3Q he extracted from the resonator as useful output 



upplied than is necessary to maintain the 



width of 12 



performance of the heat ^changers according to 
inception is explained in more detail below on the basis of the 
f ollowing examples * 

¥ariou0 heat exchangers were produced and tested* The porous 
flow body pf a first heat exchanger A is mad^ from strips of 
copper foam (63 pores per in eh) with a length of 90 



are; st 



the f low passages * The 



- 10 ~ 

flow passages comprised nine small copper tufces, with an 
external diameter of 6 mm (Internal diameter 4 mm) arranged at 
regular intervals. The effective passage for the second fluid is 
90 mm x 70 mm* Manifolds at the inlet ends and out let ends of 
5 the small copper tubes were connected to a water feed and a 
water discharge, respectively* 

In a second heat exchanger B r a flow body made from the same 
copper foaxn is used, but brass lamellae with a thickness of 
0,25 mm are fitted in this heat exchanger, The foam and the 
lamellae are soldered together In a furnace* To prevent the 
metal foam from closing up under the influence of heat, the 
strips of copper foam and braes lamellae can also be soldered 
one by one to the small copper tubes > 

In a third heat exchanger C, the flow body only comprises 39 
brass 1 ame 1 1 ae * 

In a fourth heat exchanger D according to the invention, as 
20 shown ih Figure Z r having the same dimensions and number of 
tubes as heat axchangets the flow body coipprises two layers 

of copper foam^ which were produced at room temperature on a PD 
foam with a pore diameter of 800 micrometers in a. copper bath of 
composition GuS®4 250 g/i, H 2 SQ 4 - 70 g/1, Ci~ - 15 mg/1 and pH 
25 0-1, at a current density of 5 a/dm 2 - After pyrdlysls^ r a copper 
foam layer produced in this way had a metal thickness of 
8 mi crofters on one side, while on the other side the thicfeness 
of the deposited metal was 42 micrometers . Recesses 
corresponding to half the diameter of the small copper tubes 
30 were provided in the latter sides of these foam layers, after 
which the small tubes were positioned in these recesses. Tin 
soldering Was used as the joining technique 



10 



15 



These heat exchangers were used to carry out tests, in which a 
35 quantity of hot water (T ^ approx. 80°C} controlled using a 
flowmeter was circulated through the si&all tubes via a 
thermostat bath. A centrifugal pump was used to suck ambient air 
through the flow body of the heat exchanger/ which was arranged 
in a passage- The volume of air sucked in was measured using a 
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floi9aafc$r between the heat: exchanger and the confer i&gal puiap. 



sure 



across the flow body and the inlet temperature 
T x and outlet te^eratnre T% of the first flow of fluid, 
comprising wat er > and the out l e t ten^erature T 3 o f the second 
5 flow of fluids oo^rising air f were measured* The quantity of 



a 



20 is 



Q absorbed by the flow of air is ca 
Yoitraetrio flow rate of water F ff (1/miii) arid the 
difference between the incoming and outgoing flow of water (T x 
¥$) using the following forKiala: 

where % is the heat capacity of water {4180 3 *Kg } 

rxous arr velocities * The Revr 

•*■ ■ r ..... ^ 

measured gas velocity at the location of 

diameter 0 H -D*£)O33 for ail 

ies at the gas 
/ wixioh teinperature was 
'or the gas aide can be 
transfer on the liquid side 
^ Q* I) h /?l .AT X/ where 
area and AT* is the 



15 the heat exchange r^ 



tempera tare of 
1 ike wi se measured 



i&HDu The yis 
air 



aasi^xng 



is customary in the speGialist field, the 
represented as jH *= : Nu*He^ 1 .Br^ 1/3 against Re, 
25 Brandt! number r whf eh for air is 0, 7 . 



XB 



3?he so-called friotion coefficient can be caleuiated in the same 



f - A 0 Ap/^ ( l /2 p v 2 } 
^oia the measured pressure drop and the measured velocity for 
the^e heat exchangers of known dimensions and can he represented 
as a function of the Bpynolds immbsrv 



Tb.e table below shows the results of the 



heat transfer (jH) , the 
icient (f ) and the ratio ]H/f for Re^300 for the 



various heat exchangers A-U 
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Table 



Heat: exchanger 


jl H 


1 f 


•in/f 




0.07 


20 


! 0 .004 


B 


0.7 


40 


I 0.018 


c i 


0,03 


1.4 


0.021 


D 


0.5 


15 


0.033 




... 


■ 





It can foe seen from the above table that, as expected, heat 
exchanger A (foaitt aloha) provides a higher heat transfer than 
5 heat exchanger C (lamellae alone) , Howenrery the flow resistance 
has Increased disproportionately* ■Furthermore, it can he seen 
that, although heat exchanger B (foam and Xamellae) achieves a 
highe r heat t r ana f a r than ha at exchanger D according t o the 
indention, the flow resistance is -vary high, ¥fo& haat . exchanger 

10 according to the invention has the best overall performanGe r 
expressed as jH/f . It is clear from this that, by using a foam 
^ith & suitable distritotition of metal and by changing the amount 
of this metal, it is possible to aeMe^§ a favourable balance 
between heat transfer /conduQtion^ on the one hand, and flow 

15 resistance, on the other hand. 
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10 



20 



25 
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1, Heat exchanger {10} for transferring heat from a J " 
fluid to a second fluid, comprising one or more flow 
{12} for a fix at fluid/ which are arranged parallel to and at a 
distance from one another and the outer wail (26) of imxah Is in 
heat- trans far ring contact with a flow body (20) for a s 
fluid, which ia made from metal foam, characterized in that 
metal foam has a gradient of the ^olime density of the petal* 

g;;. Heat exchanger according to claim l f characterized in that 
the flow body (20) is> coHsposed of two layers of metal foam (30 r 
; 42; 50) g of which layer surfaces with the same ^oliime 
ity f ace towards one another* 

3 * Haat exchanger according to claim I or 2, characterized in 

iroltirne density of the metal foam increases from ah 
id© of the flow tody {20} for the sacoM fluid towards 
the f low paesagas * 



4 



in 

cross section, the 
of flow of the second 



passages (12} ha^e an elliptical 
s of which attends in the direction 



X, characterised in that 



ow passages 



r 



ar in cross section and are separated 



30 of 



of the flow toody (2Q J , r the 
the flow foody (20) being 
walls (26) of the flow 



ume 



eat in 



» :.:■!:' » 



s which are 
by sections (40) 
sections (40) 

er 
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6. Heat exchanger according to oialp 2> characterized in that 
the gradient alternately increases and decreases 
direction of flow of the first fluid. 



7> Heat exchanger according to claim 1 or 2, 
: the jRetal of the metal foam is copper* 



cteriz 



WO 02/42707 



PGT/NOI/0e8S3 



claims, 
bo 



- 14 



r a 

characterized in that the connection between the flow 

at least one flow 



and the outer wall (26) 
passage eoiiiprises a soldered j 



• * 



9. Heat e^oha^hger according to claim 5 or 6 r characfceriEed in 
that the soldered joint comprises tin or a 



10, Heat exchanger according to one or more of the preceding 



10 claims, char act eri^ed 
modxilar structure and 



in that the heat exchanger {10 J has a 
is provided with coiiplijig ' means 



one 



11 * Heat pnmp for energy conversion,- coiuprising a motor for 
15 compressing and displacing a gaseous second fluid, and a heat 
exchanger for transferring h@at from a fir at fluid to the second 
fluids and a heat exchanger for transferring heat from the 
second fluid to a third fluid/ a regeneratdr (64 ) being arrahged 
between the heat exchangers, as seen in the direction of flow of 
20 the gas;, characterised in that the heat exchangers are de vices 
(10) according to one or more of the preceding claims* 



12. Heat pump according to claim 11, characterised in that the 
regenerator (84) comprises a layered structure of a plurality of 
25 layers of metal foam made from a inetal with pore conductivity* 



13. Heat pump according to claim 12, characterized in that the 
metal of poor condtict ivity is nicfcsl . 
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